the immune cascade may occur resulting in severe septic shock, which is one of the main causes for death in critical care units. 2 It has been reported that free hemoglobin enhances the production of tumor necrosis factor-α (TNF-α) induced by LPS in human mononuclear cells, 3 and also amplifies the rate of mortality by free LPS in rats. 4 One of the main problems arising from the interaction of hemoglobin (Hb) with endotoxins is the effect of endotoxin contamination of Hb in blood substitution products (erythrocyte substitute), 5 and this in vivo toxicity represents a major barrier for the successful use of cell-free Hb as an oxygen carrier in humans.
Kaca and Roth 6 investigated the effect of human hemoglobin on the complement system of the human immune system, and found that the activation of the complement cascade was associated with contaminations of hemoglobin solutions by bacterial endotoxin. Hemoglobin acts also as a vasconstrictor in isolated vessels by mechanisms that involve nitric oxide (NO) scavenging in endotoxin-treated vascular tissue. 7 In the case of sepsis, a mechanism by which LPS-related morbidity could be enhanced by erythrocyte hemolysis has also been discussed. 8 Human endothelial cells respond to bacteria by production of tissue factor, a potential mechanism for generalized thrombosis in animals that has been associated with the infusion of cell-free Hb for resuscitation. 9 It was found that Hb was able to enhance the binding of endotoxins to endothelial cells, 10 which leads to the production of tissue factor. 11 Although the biological effects of Hb and endotoxins are well described, the mechanism of interaction of these components are not yet understood. Kaca et al. 12 investigated the change in oxidation rate of human Hb in the presence of LPS, which was monitored by UV-VIS spectroscopy. The formation of met-hemoglobin, which is produced by oxidation of the ferrous ion (Fe 2+ ) of the part of the protein into a ferric iron (Fe 3+ ) and in its hydrated form no longer capable of binding oxygen, is slightly increased, but the helicity of the protein is not affected due to a destabilization of the heme pocket.
Hemoglobin as an endotoxin-binding protein leads to alterations of several physical characteristics of LPS connected with the enhancement of the biological activities of LPS. In previous studies, it has been shown that the type of supramolecular structures, which determine the biological activity of enterobacterial hexa-acylated LPS and lipid A, but also of a priori inactive penta-acylated LPS and lipid A, is dramatically affected by the presence of hemoglobin. [13] [14] [15] For a better understanding of the interaction mechanism, we have extended our investigation to the heme-free protein and the component chains alone, by using four different structural determination methods.
MATERIALS AND METHODS

Lipids
Lipopolysaccharides from Salmonella enterica sv. Minnesota rough mutants Re and Rc (S. minnesota R595 and R5, respectively) were extracted by the phenol/chloroform/petrol ether method 16 from bacteria grown at 37°C, purified, and lyophilized. Results of all the standard assays performed on the purified LPS (analysis of the amount of glucosamine, total and organic phosphate, and the distribution of the fatty acid residues, with chemical methods and mass spectroscopy) were in good agreement with the known chemical composition. Bovine brain 3-sn-phosphatidylserine (PS) was from Sigma.
Hemoglobin and partial structures
Hemoglobin was isolated from fetal sheep extract and was prepared as described earlier. 17 Beside the complete protein (sHb), also the α-chain (αHb) and the heme-free sample were investigated. In addition, bovine hemoglobin (bHb) was purchased from Fluka (Buchs, Switzerland) and was used without further purification.
Freeze-fracture transmission electron microscopy (FFTEM)
A small amount of the samples was sandwiched between two copper profiles as used for the double-replica technique and frozen by plunging the sandwiches immediately into a liquified ethane-propane mixture cooled in liquid nitrogen. Fracturing and replication were performed at -150°C in a BAF 400T freeze-fracture device (BAL-TEC, Balzers, Liechtenstein) equipped with electron guns and a film sheet thickness monitor. For replication, Pt(C) was evaporated under an angle of 35°and C under 90°. The replicas were placed on copper grids, cleaned with a chloroform-methanol mixture, and examined in an EM 900 electron microscope (Zeiss, Oberkochen, Germany).
Differential scanning calorimetry (DSC)
Dry LPS was dispersed in Dulbecco's PBS buffer (phosphate buffered saline) at pH 7.4, as described previously, 18, 19 to obtain a final lipid concentration of 1 mg/ml. A concentrated protein solution was prepared in the same PBS buffer. A known amount of protein was added to the lipid dispersion at room temperature and mixed.
Differential scanning calorimetry (DSC) measurements were performed with a MicroCal VP scanning calorimeter (MicroCal, Inc., Northampton, MA, USA) at a heating and cooling rate of 1°C/min. Heating and cooling curves for the lipid:protein mixtures were measured in the temperature interval from 5-60°C, whereas for the determination of the denaturation temperature of the protein, the sample were heated up to 90°C. The figures presented in this paper show just the temperature interval where exotherm and/or endotherm effects are observed. Three consecutive heating and cooling scans were measured. For further details see Garidel and Blume. 18 
Fourier-transform infrared spectroscopy
The endotoxin samples were prepared at a concentration of 10 mM as aqueous dispersions using 20 mM HEPES buffer. The samples were suspended directly and temperature-cycled at least three times between 5-60°C and then stored at 5°C for at least 12 h. Protein solutions were also prepared using 20 mM HEPES and added to the lipid to obtain a molar ratio of 1:10.
The infrared spectroscopic measurements were performed with an IFS-55 spectrometer (Bruker, Karlsruhe, Germany). The lipid samples were placed between two CaF 2 windows. Temperature scans were performed automatically between 10-70°C with a heating rate of 0.6°C/min. Every 3°C, 50 interferograms were accumulated, apodized, Fourier-transformed, and converted to absorbance spectra.
Small-angle X-ray scattering (SAXS)
X-ray diffraction measurements were performed at the European Molecular Biology Laboratory (EMBL) outstation at the Hamburg synchrotron radiation facility HASYLAB using the SAXS camera X33 essentially as described recently. 13 Diffraction patterns in the range of the scattering vector 0.1 < s < 1.0 nm (s = 2 sin θ/λ, 2θ scattering angle and λ the wavelength = 0.15 nm) were recorded at 40°C with exposure times of 1 min using an image plate detector with online readout (MAR345, MarResearch, Norderstedt, Germany). The lipid concentrations were in all cases 20 mM.
The s-axis was calibrated with Ag-behenate, which has a periodicity of 58.4 nm. The diffraction patterns were evaluated as described previously, assigning the spacing ratios of the main scattering maxima to defined three-dimensional structures. The lamellar and cubic structures are the most relevant here. The following features characterize the supramolecular structure:
1. Lamellar -the reflections are grouped in equidistant ratios, i.e. 1, 1/2, 1/3, 1/4, etc. of the lamellar repeat distance d l .
2. Cubic -the different space groups of these non-lamellar three-dimensional structures differ in the ratio of their spacings. The relation between reciprocal spacing s hkl = 1/dhkl and lattice constant a is:
Eq. 1
where hkl = Miller indices of the corresponding set of plane.
Fluorescence resonance energy transfer spectroscopy (FRET)
Intercalation of (i) hemoglobin or hemoglobin/LPS-mixtures into liposomes made from phosphatidylserine (PS) and of (ii) hemoglobins into LPS aggregates was determined by FRET spectroscopy applied as a probe dilution assay. 20 Liposomes or LPS, respectively, were labelled with the donor dye NBD-phosphatidylethanolamine (NBD-PE) and acceptor dye Rhodamine-PE. The donor dye was excited at 470 nm, and its emission intensity was measured at 531 nm. In the FRET, the donor emission fluorescence intensity is transferred in a radiationless process to the acceptor, which has as an excitation wavelength corresponding to the donor emission wavelength (531 nm).
In case (i), the hemoglobin or Hb/LPS mixtures were added to the liposomes at a final concentration of 1 µM each, and the same concentrations were applied in case (ii).
Intercalation can be monitored sensitively as the increase of the ratio of the donor emission intensity I D at 531 nm to that of the acceptor emission intensity I A at 593 nm (FRET signal) in a time-dependent manner.
RESULTS
Electron microscopy
The morphology changes of LPS aggregates were determined by freeze-fracture electron microscopy. In the electron micrograph, typical small vesicle-like structures of LPS R595 can be observed. The vesicles are uniform in size and frequently not completely closed in the shape of 'open egg-shell' structures, forming sometimes convex-concave pairs (Fig. 1A) . After addition of hemoglobin, the amount of observable vesicles was reduced, and small islands of bilayer fragments and granular-or particle-like structures appeared (Fig. 1B) . The α-chain of hemoglobin had a similar, but weaker, effect: beside LPS aggregates in the shape of small vesicles/'open egg shells', a large number of disk-like planar bilayer frag-ments (disc micelles) and a few granular structures can be seen (Fig. 1C) . The control micrograph (Fig. 1D) shows pure hemoglobin in buffer. Although the protein solution is free from visible particles, protein aggregates, composed of a few protein monomers, can be observed at the Hb concentrations used.
Protein denaturation and gel-to-liquid crystalline phase transition of the acyl chains of LPS
DSC was used to elucidate the protein denaturation characteristic and the gel-to-liquid crystalline phase behaviour of the lipid. The denaturation thermogram of Hb is represented by a single, sharp endotherm phase transition. The temperature onset of Hb denaturation is observed at about 50°C. The maximum of the heat capacity curve is located at ~64°C. Complete denaturation is induced at temperatures above 71°C (Fig. 2) . This is confirmed by analysing the second heating scan, where no phase transition is observed. This is in accordance with previously published calorimetric data on α,α-cross-linked hemoglobin from a human source. 15 The denaturation process was also studied in the presence of LPS; however, the heat capacity curves did not change excluding an influence of LPS binding.
The gel-to-liquid crystalline phase transition of LPS Re is characterised by a phase transition enthalpy of +28 kJ/mol (Fig. 3 , Table 1 ). Two distinct peaks are observed in the heat capacity curve, one is detected at about 18-19°C and the main peak at 26°C. The presence of hemoglobin induces a slight change of the shape of the phase transition range, concomitant with the increase of the enthalpy change (Table 1) indicating a stabilisation of the gel phase of the lipid. This is observed for the complete hemoglobin and the part structures. The second heating scan (data not shown) is nearly identical to the heat capacity curve detected for the first heating scan. This is due to the fact, that the samples were not heated above 60°C. Thus, under these conditions, the protein is practically unaffected, not denatured, and the second heating scan represents still the interaction of native hemoglobin with the endotoxin. The phase transition enthalpy is only marginally affected by the presence of hemoglobin (see Table 1 ).
Interaction of hemoglobin and part structures with bacterial endotoxins 43
The gel-to-liquid crystalline phase transition of the lipid A moiety of LPS was also measured with Fourier-transform infrared spectroscopy (FTIR). The main vibrational bands used for the analysis of the chain melting are the symmetrical stretching vibration of the methylene groups ν s (CH 2 ) around 2850 cm -1 and the asymmetrical stretching vibration ν as (CH 2 ) around 2920 cm -1 . They are sensitive measures of the order (i.e. the amount of trans-gauche isomers) of the lipid A chains. In Figure 4 , the peak positions of the symmetrical vibration ν s (CH 2 ) are plotted versus temperature for different LPS:αHb and lipid A:αHb mixtures. The evaluation of the asymmetrical vibration gave similar results (data not shown). The temperature courses of the LPS:Hb mixture indicate a slight shift of ~2°C to higher temperatures, and that of the lipid A:Hb mixture no change. From this, it can be deduced that Hb does not have a strong influence on the conformation of the fatty acids and the co-operative behaviour between them.
Aggregate structure of LPS
To analyse the intrinsic conformation of the LPS aggregates, small-angle X-ray scattering (SAXS) was applied. The resulting scattering patterns are composed of welldefined peaks originating from the structure factor of the ordered lipids and a diffuse scattering resulting from the form factor of the lipid bilayers. For pure LPS aggregates, normally only the form factor is involved in the scattering indicating unilamellar structures. 21 In Figures 5-7 , small-angle X-ray scattering patterns are presented for endotoxin preparations mixed with Hb and part structures.
In Figure 5 , data are shown for a bovine Hb (bHb) in the presence of LPS from S. minnesota R5 (Rc-mutant LPS) in the temperature range 5-60°C (A); in Figure 5B for the same sample as well as for a LPS R5:sHb mixture at 40°C. The data are indicative of a cubic inverted structure, deduced from the high periodicity located at 21.3 nm. Furthermore, for both samples, reflections are observed which correspond to 1/2, 1/3, 1/4, and 1/5 of the periodicity (for example, for LPS R5:bHb 10.6 nm, 7.03 nm, 5.31 nm, and 4.25 nm). This could be due a multilamellar structure; however, the occurrence of a reflection at 8.68 nm for the LPS R5:bHb sample, obeying the relation 21.3 nm = 8.68 nm x √6, is rather indicative of a cubic structure.
In Figure 6 , diffraction patterns are presented for LPS R5 and for lipid A in the presence of the heme-free protein. For LPS R5, the protein induces the occurrence of weak reflections at 28.6 nm, 6.41 nm, and 3.23 nm superimposed on the broad intensity bands resulting from a unilamellar structure. For lipid A, the occurring reflections can be assigned more readily. Assuming a Q = 9.27 nm, the 6.41 nm = a Q /√2, 5.36 nm = a Q /√3 and 4.59 = a Q /√4, Finally, Figure 7 shows the action of the α-chain on free lipid A. The spectra are similar at all temperatures, but most expressed at 60°C: it seems as if there are three different periodicities with further reflections at equidistant ratios. The reflections can be classified into three subgroups with reflections at 8.10 nm, 4.07 nm, and 2.72 nm, 6.16 nm, 3.09 nm, and 2.04 nm, and 5.10 nm and 2.57 nm, respectively. These substructures may result from lipid A bilayers with different contents of αHb, the lowest periodicity corresponding to a Hb-free system, the medium periodicity having Hb in one of two bilayers and the highest periodicity corresponding to Hb intercalated into two adjacent bilayers (see below).
Intercalation into phospholipid membranes
As proposed earlier, the intercalation of LPS into target cell membranes of immune cells is the first step of the immune response to bacterial endotoxins of the host. 20, 22 We applied fluorescence resonance energy transfer spectroscopy (FRET) by using phosphatidylserine (PS) liposomes fluorescently labelled with NBD-PE (donor) and RhoPE (acceptor) dyes to mimic the charged part of the cell membrane of immune cells. The ratio of the donor-to-acceptor signal (FRET signal) is a direct measure for an intercalation into the liposome membrane because of the strong dependence of this signal (energy transfer) on the distance between the two fluorescence markers.
In Figure 8 , it is shown that the addition of LPS Re alone does not influence the fluorescence signals, i.e. this corresponds to the well-known fact that LPS does not incorporate into PS membranes by itself -this happens only if mediated by the lipopolysaccharide-binding protein (LBP). 22 In the presence of Hb, however, an intercalation of the LPS can be observed after addition at t = 50 s (Fig. 8A) . Furthermore, an increase in the FRET signal can be detected for Hb alone, indicating that Hb itself is able to incorporate into the membrane. However, the weaker signal of the pure Hb as compared to the (LPS:Hb) mixture indicates an Hb-mediated uptake of LPS. From Figure 8B ,C, it becomes clear that αHb as well as the heme-free sample have the capacity to mediate the intercalation of LPS; in particular, the heme-free Hb has a very high FRET signal indicating the strongest intercalation.
Finally, FRET was also applied to fluorescently labelled LPS Re and Rc and addition of sHb or part structures. In Figure 9 , data are given for LPS Re, sHb, and the αHb showing a clear intercalation of sHb into the LPS aggregates. This means that Hb is not only able to incorporate into phospholipids but also into LPS. However, only a very weak interaction is found with αHb.
Similar data were found for LPS Rc, αHb and hemefree Hb (data not shown).
DISCUSSION
Hemoglobin has been shown to enhance the biological effects of bacterial endotoxins, 3, 5, 6 but a detailed description of the underlying mechanisms is still missing. In this paper, we have investigated structural changes of LPS in the presence of hemoglobin and its part structures. LPS forms (due to its amphipathic character) spontaneous aggregates in the shape of small vesicular structures and 'open egg shells'. These vesicular aggregates have size distributions around 100-150 nm, which can be observed in the electron micrographs (Fig. 1A) . After addition of Hb, vesicles can still be observed, but their number is strongly reduced. There is no drastic change in the size distribution in accordance with previous findings; 13 however, a large number of small island-like bilayer fragments and fine granular or particle-like structures are observed (Fig. 1B) . Beside this observation also small Hb aggregates are found (Fig. 1D) , from which it can be deduced that Hb does not completely mix with the LPS aggregates. This is in agreement with the appearance of small particles in LPS-Hb samples (Fig. 1B) resembling the particles forming the Hb aggregates (Fig. 1D) . Regarding the inner structure of the aggregates, these show a complete re-aggregation after addition of Hb.
Our data are in accordance with previous data of Roth et al. 23 who demonstrated clear changes, using electron microscopy with negative staining, of the LPS morphology after addition of Hb compatible with a disaggegation. The authors investigated deep rough mutant LPS Re and smooth form LPS in the absence and presence of human hemoglobin. They found for LPS Re ribbon-like and mesh-like structures, which were disaggregated into small discs and lens-shaped particles of 5-20 nm size in the presence of Hb, while the ribbon-like structures of pure LPS disappeared completely. Analogous results were found for S-form LPS. Thus, the overall findings of these authors are, despite differences in the applied materials and techniques, in clear agreement with the presented results allowing generalization of the findings.
The strong influence of Hb on the LPS aggregate structure corresponds to previous observations, that endotoxically inactive penta-acyl LPS, which has a multilamellar structure because of its cylindrical molecular shape, is converted into a physiologically active conformation. 15 Here, LPS adopts a unilamellar (biologically active) conformation and is converted partially into cubic structures, which are the most important biologically active units. 24 Interestingly, the fluidity or the state of order of the acyl chains in the lipid A moiety, the endotoxic principle, is not influenced. Both the fluidity of the acyl chains, monitored by FTIR as well as the phase transition enthalpy between the gel and liquid crystalline phase, measured by DSC show no effect of the hemoglobin samples on LPS or lipid A (Figs 3 and 4) . In contrast, many endotoxin-neutralizing peptides and proteins show a strong influence on the fluidity by decreasing the phase transition temperature and decreasing the enthalpy. 25 These findings together with the observations that the denaturation of the Hb is not influenced by LPS (data not shown), and that the enthalpy change of the phase transition (Fig. 3) is not affected, imply that Hb does not interact strongly with the LPS backbone.
The change of the spatial structure of the LPS aggregates, particularly the transition from a unilamellar into a cubic inverted structure (Figs 5 and 6), gives evidence that besides an electrostatically-driven adsorption of Hb on the surface, for example by the replacement of counter ions of the LPS aggregates by charges within the protein, a subsequent intercalation into the hydrophobic moiety takes place, without having an overall impact on the lipid acyl chain organisation, which leads to a change of the molecular shape of the LPS/lipid A molecules with a more conical conformation. The freeze-fracture results (Fig. 1B,C) did not show cubic phase structures, but this concept is strongly supported by the observed intercalation of Hb and part structures into LPS aggregates (Fig. 9 ). These observations can be explained by Hb molecules lying parallel to the lipid A bilayer of LPS, which leads to a slight change of the membrane curvature of the LPS assembly and, thus, to a bicontinuous cubic phase, which have been described in the pioneering papers of Luzzatti et al. 26, 27 Bicontinuous phases can be regarded as 'topological generalization of the lipid bilayer' and can thus also explain the quasi-lamellar structures observed for lipid A:αHb (Fig. 7) . It is important to note that the change of a (uni)lamellar bilayer structure into an inverted phase does not need much energy (for example, the enthalpy change of the transition of the liquid crystalline Lα phase into the inverted hexagonal phase is only 5-10% of that from the Lβ into the Lα phase 28 ). In this way, the absence of effects on the phase behavior (transition temperature and enthalpy; Figs 3 and 4) becomes intelligible.
The observation that the tendency of structural changes does not only hold true for the complete Hb, but also for the heme-free molecule as well as the α-chain, is also in favour of our hypothesis.
The ability of Hb to intercalate into model membranes of human immune cells and also to mediate the intercalation of LPS into the membrane suggests that Hb may act as a LPS-binding protein by facilitating the incorporation of LPS into immune cell membranes as a first step of the immune response as proposed by Roth et al.; 29 however, the definition of a binding protein usually includes a specificity of the binding, which is not given here. Rather, Hb only changes the LPS aggregate properties in a way that the recognition process in the cell activation is enhanced. This can be understood as a membrane-bound step, in which Hb plays the role as increasing the negative (concave) curvature of the lipid A part of LPS which, in accordance with our model of cell activation, 30 represents a strong disturbance of the target cell membrane and thus can lead to a conformational change of integral membrane proteins causing cell activation. The role of Hb is, therefore, different from other proteins found, for example, in serum which usually weaken the endotoxin activities of LPS such as in the case of high-density lipoprotein (HDL) 31 and lactoferrin 32 or do not change it as found for albumin. 19 The former two proteins lead to a change of the aggregate structure into a multilamellar stack, whereas the latter protein nearly does not effect the type of aggregates. Therefore, the bioactive form of LPS is the cubic and its inactive form is the multilamellar structure.
It would be interesting to investigate the direct binding of LPS by Hb by also applying biochemical methods such as immunoprecipitation. These investigations are in progress and should deliver further knowledge about the binding mechanism. In the same way, beside lipopolysaccharides used here, it would be interesting to study the effects of Hb on some other pathogenicity factors such as bacterial lipopeptides to determine if their interaction with Hb obeys similar mechanisms. 
